The aim of the present experiments was to clarify the subunit stoichiometry of P2X2/3 and P2X2/6 receptors, where the same subunit (P2X2) forms a receptor with two different partners (P2X3 or P2X6). For this purpose, 4 non-functional Ala mutants of the P2X2, P2X3, and P2X6 subunits were generated by replacing single, homologous amino acids particularly important for agonist binding. Co-expression of these mutants in HEK293 cells to yield the P2X2-wild type (wt)/P2X3-mutant (mut) or P2X2-mut/P2X3-wt receptors resulted in a selective blockade of agonist responses in the former combination only. In contrast, of the P2X2-wt/P2X6-mut and P2X2-mut/P2X6-wt receptors, only the latter combination failed to respond to agonists. The effects of α,β-methylene ATP (α,β-meATP) and 2-methylthio ATP (2-MeSATP) were determined by measuring transmembrane currents by the patch-clamp technique and intracellular Ca 2+ transients by the Ca 2+ -imaging method. Protein labelling, purification and polyacrylamide gel electrophoresis (PAGE) confirmed the assembly and surface trafficking of the investigated wt and wt/mutant combinations in X. laevis oocytes. In conclusion, both electrophysiological and biochemical investigations uniformly indicate that 1 subunit of P2X2 and 2 subunits of P2X3 form P2X2/3 heteromeric receptors, whereas 2 subunits of P2X2 and 1 subunit of P2X6 constitute P2X2/6 receptors. Further, it was shown that already two binding sites out of the three possible ones are sufficient of allowing these receptors to react with their agonists.
Cys-loop, pentameric (1-3) and tetrameric (4, 5) ligand-gated ion channels usually consist of the heteromeric composition of structurally divergent subunits. Homomeric assemblies of identical subunits are, however, to a minor extent also possible, e.g. for the 5HT 3 receptor and certain neuronal nicotinic and GABA A receptor subtypes. More recently an additional ATP-gated ionotropic receptor-family has been discovered by cloning seven distinct P2X receptor subunits from mammalian species (P2X1-7; 6-9). Again, P2X subunits appeared to form not only 2 homomeric receptor-channels, but also heteromeric ones. Original work based on coimmunoprecipitation with epitope-tagged subunits demonstrated that only P2X6 was not able to form homooligomers, and P2X7 was the only exception of constituting heterooligomeric complexes (10) . Subsequently, it was found that P2X1/2 (11, 12) , P2X1/4 (13), P2X1/5 (14) , P2X2/3 (15), P2X2/6 (16) , and P2X4/6 (17) receptors combine the original pharmacological and biophysical properties of their parent subunits. The huge diversity of native P2X receptors and their characteristics often differing from those of the recombinant receptors has been explained by the existence of heteromeric subunit compositions (18) .
In spite of these findings relating to recombinant receptors and the evidence that three subunits form both homomeric and heteromeric P2X receptors (6, 19, 20) two further points still need extensive clarification. First, only P2X2/3 (sensory ganglia; 21, 22) , P2X1/5 (astrocytes; 23, 24) and probably P2X2/6 (neural stem cells; 25, 26) receptors were shown to occur under native conditions, whereas native P2X1/2, P2X1/4, and P2X4/6 receptors were hitherto not identified. Second, the subunit stoichiometry of functional P2X2/3 receptors appears to be 1:2 (27, 28) , but for the residual heteromeric receptors there are no comparable data available.
In the case of the P2X2/3 receptor, two homologous amino acid (AA) residues participating in agonist binding were replaced individually with alanine to yield inactive mutants of P2X2 and P2X3 subunits; combination of the mutant P2X3 with wild-type (wt) P2X2 resulted in a non-functional receptor, whereas the opposite combination was fully active (28) . Unfortunately, there were no accompanying biochemical data presented to confirm that the functionally silent AA mutants of P2X2 and P2X3 and their compositions with their wt counterparts still exhibited undisturbed trafficking behaviour and were expressed at the cell surface.
In P2X receptors, instead of a few AA residues, four clusters of AAs, termed nucleotide binding domains (NBD1-4; 29) -here nucleotide binding segments (NBS1-4) -were identified as possible docking places for ATP. NBS1,2 appear to be located at one subunit, whereas NBS2,3 are situated at the neighbouring subunit (30) in accordance with the recently described crystal structure of the zebrafish (zf)P2X4 receptor (31) .
The aim of the present experiments was to find out whether two heteromeric receptors (P2X2/3 and P2X2/6), where P2X2 combines with two different partners, have an obligatory subunit stoichiometry of 1:2 or whether the subunit stoichiometry may be variable. For this purpose we used the ATP structural analogues 2-methylthio ATP (2-MeSATP) and α,β-methyl ATP (α,β-meATP) as well as non-functional mutants of P2X2 and P2X3 with a single Ala mutation in NBS1-4 each. Moreover, we also used homologous mutants of P2X6 to clarify the subunit stoichiometry of the P2X2/6 receptor. Electrophysiological measurements and Ca 2+ imaging, as well as protein labelling, purification and PAGE suggested that P2X2/6 receptors consist of two P2X2 and one P2X6 subunits and thereby differ from P2X2/3 receptors.
EXPERIMENTAL PROCEDURES
Culturing of HEK293 cells-HEK293 cells were kept in Dulbecco's modified Eagle's medium also containing 4.5 mg/ml D-glucose (Invitrogen), 2 mM K-glutamine (SigmaAldrich), 10% fetal bovine serum (Invitrogen) at 37 o C and 10% CO 2 in humidified air.
Site directed mutagenesis and transfection procedures-The human (h) P2X2 (hP2X2 A ), hP2X3 (gift of J. N. Wood, University College, London, UK) and hP2X6 (gift of A. Surprenant, University of Manchester, Manchester, UK) cDNAs were subcloned per PstI and EcoRI restriction sites into pIRES2-EGFP (P2X3, P2X6) or pIRES2-Ds-Red (P2X2) vectors from Clontech Laboratories for independent expression of the respective P2X subunit and EGFP or Ds-Red, creating the pIR-P2X plasmid. All P2X subunit mutants were generated by introducing replacement mutations into the pIR-P2X construct using the QuikChange sitedirected mutagenesis protocol from Stratagene according to the instruction manual. HEK293 cells were plated in plastic dishes (electrophysiology) or onto coverslips (Ca 2+ imaging) 1 day before transient transfection. 0.5 µg of plasmid DNA (homomeric P2X2, P2X3, P2X6 receptors; heteromeric P2X2/3 and P2X2/6 receptors, 1:2 ratio) or 0.75 µg of plasmid DNA (P2X2/6 receptors, 1:4 ratio) was combined with 10 µl of PolyFect reagent from Qiagen and 100 µl of Opti-MEM (Invitrogen).
Whole-cell patch-clamp recordings-Wholecell patch clamp recordings were made after transient transfection of HEK293 cells, at room temperature (20) (21) (22) o C), using an Axopatch 200B patch clamp amplifier (Molecular Devices) as described previously (30) . Transfected HEK293 cells were searched for by means of a reverse differential interference contrast microscope with epifluorescent optics (Axiovert 100, Zeiss). The pipette solution contained (in mM): 140 CsCl, 1 CaCl 2 , 2 MgCl 2 , 10 HEPES, and 11 EGTA, pH adjusted to 7.3 using CsOH. When 2-MeSATP was used as an agonist, GDP-β-S (300 μM) was also included, in order to eliminate the negative interaction between P2Y and P2X receptors in HEK293 cells (31) . The external physiological solution contained (in mM): 135 NaCl, 4.5 KCl, 2 CaCl 2 , 2 MgCl 2 , 10 HEPES, and 10 glucose, pH adjusted to 7.4 using NaOH. The pipette resistances were 3-6 MΩ. Holding potential values were corrected for the calculated liquid junction potential between the bath and pipette solution. All recordings were made at a holding potential of -65 mV. Data were filtered at 2 kHz with the inbuilt filter of the amplifier, digitized at 5 kHz, and stored on a laboratory computer using a Digidata 1440 interface and pClamp 10.2 software (Molecular Devices).
Drugs were dissolved in the external solution and locally superfused over single cells (detected by their EGFP and/or DS-Red fluorescence), using a rapid solution change system (SF-77B Perfusion Fast Step, Warner Instruments). Concentration-response curves were established by applying increasing concentrations of α,β-methylene ATP (α,β-meATP) or 2-methylthio ATP (2-MeSATP; both from Sigma-Aldrich) for 2 s. The intervals between applications were kept at 5 min throughout. Under these conditions agonist responses were reproducible, with the exception of those to 2-MeSATP at HEK293-P2X3 cells; the marked desensitization at higher concentrations of 2-MeSATP (>3 μM) was in accordance with the reported long period of time required to regain 50% of control peak amplitude, when determined with a paired-pulse protocol (32; see also Suppl. Fig. 1Ac, right  panel) .
The desensitization time-constants (τ des1, τ des2 ) and the recovery of P2X3 receptors from desensitization were determined as previously described (Suppl. Fig. 1Ac, left panel; 33) . For the measurement of the recovery from desensitization, HEK293 cells were stimulated repetitively with α,β-meATP (30 μM; 2 s pulses) with a progressive increase in the interpulse intervals. We measured the t 50 (12, 30) . Replacement mutations or a StrepII affinity tagencoding sequence 5' of the stop codon were introduced by QuikChange site directedmutagenesis (Stratagene). Capped cRNAs were synthesized and injected in aliquots of 46 nl into collagenase-defolliculated X. laevis oocytes using a Nanoliter 2000 injector (World Precision Instruments) as previously described (37) . For expression of the heteromeric P2X2/3 receptor, cRNAs for the P2X2 and P2X3 subunit were coinjected at a 1:2 ratio (w/w). For expression of the heteromeric P2X2/6 receptor, the cRNAs for the P2X2 and P2X6 subunit were co-injected at a 1:4 ratio (w/w). Oocytes were cultured at 19 o C in sterile oocyte Ringer's solution (ORi: 90 mM NaCl, 1 mM KCl, 1 mM CaCl 2 , 1 mM MgCl 2 , and 10 mM HEPES, pH 7.4) supplemented with 50 µg/ml of gentamycin.
Two-electrode voltage-clamp electrophysiology-One to two days after cRNA injection, current responses were evoked by 2-MeSATP (P2X2 and P2X2/6 receptors) or α,β-meATP (P2X2/3 receptors) as indicated at ambient temperature (21) (22) (23) (24) o C), and recorded by conventional two-electrode voltage-clamp with a Turbo TEC-05 amplifier (npi Electronics) at a holding potential of -60 mV as previously described (37) . For concentration-response analysis, P2X receptor-mediated currents were induced in 60-s intervals by 10-s applications of increasing concentrations of the indicated agonist.
Protein labeling, purification, and PAGEcRNA-injected oocytes were metabolically labeled by overnight incubation with L-[
35 S]methionine (Perkin Elmer Life Sciences) and, just before protein extraction, surfacelabeled with the membrane-impermeable fluorescent dye Cy5 NHS ester (GE Healthcare Biosciences) as previously described (38) . Affinity-tagged proteins were purified by nondenaturing Ni-NTA chromatography (Qiagen) or Strep-Tactin chromatography (IBA Germany) from digitonin (1%, w/v) extracts of oocytes as indicated. The P2X receptors were released in the non-denatured state from the Ni-NTA sepharose or the Strep-Tactin sepharose with elution buffer consisting of 1% (w/v) digitonin in 250 mM imidazole/HCl (pH 7.6) or 1% (w/v) digitonin in 0.1 M sodium phosphate buffer, pH 8.0 supplemented with 10 mM biotin, respectively. Native proteins were analyzed by blue native PAGE (BN-PAGE) as previously described (12, 39) . Where indicated, samples were treated before BN-PAGE for 1 h at 37 °C with 0.1% (w/v) SDS, to induce partial dissociation of P2X receptor complexes. To avoid quenching of the fluorescence by the Coomassie G250 dye, BN-PAGE gels were destained prior to fluorescence imaging by repeated cycles of incubation in 50% v/v acetonitrile (Biosolve) supplemented with 25 mM ammonium carbonate as previously described (40) . The destained PAGE gel was repeatedly washed in 0.1 M sodium phosphate buffer, pH 8.0, and scanned wet by a Typhoon 9410 scanner (GE Healthcare) for fluorescence detection. For the subsequent visualization of the 35 S-labeled proteins, the BN-PAGE gels were dried, exposed to a phosphor screen, and scanned by a PhosphorImager (Storm 820, GE Healthcare).
For reducing SDS-PAGE, proteins were denatured by incubation with SDS sample buffer containing 20 mM DTT for 15 min at 56°C and electrophoresed in parallel with 14 C-labeled molecular mass markers (Rainbow, Amersham Biosciences) on SDS-PAGE gels (10% acrylamide). SDS-PAGE gels were scanned wet with a fluorescence scanner (Typhoon 9410, GE Healthcare) for visualization of Cy5-labeled plasma membrane-bound proteins, and then dried the gels for the subsequent detection of 35 S incorporation as described above.
The intensity of the fluorescent protein bands was quantified using the ImageQuant TL software version 7.0 (GE Healthcare). Images of PAGE-gels were prepared with Image-Quant TL for contrast adjustments. For better visibility of weak and strong protein bands, individual lanes from the same, but differently enhanced, ImageQuant image were cropped and positioned using Adobe Photoshop CS4. Microsoft PowerPoint 2003 was used for labeling. Each experiment was performed at least twice with equivalent results.
Homology modelling-We modelled, based on the published crystal structure of the zfP2X4 channel in its closed state (31), the extracellular loop and transmembrane areas of the hP2X2, hP2X3 and hP2X6 receptors. The software used was Modeler 9, version 7 (41). The alignment was determined by the align2D function, which also takes the secondary structure of the template into consideration. Homology modelling was made with the loop model function with high optimization settings. Visualization of the results was by VMD (42) .
Data analysis-Concentration-response curves for agonists were fitted by using a three-parametric Hill plot (SigmaPlot; SPSS). The Figs. show mean ± S.E.M. values of n experiments. One-way analysis of variance followed by the Holm-Sidak post hoc test was used for multiple comparisons with a control group or multiple pairwise comparisons. The differences between two groups were evaluated by the normality test followed by the Student's ttest or the rank-sum-test, as appropriate. A probability level of 0.05 or less was considered to reflect a statistically significant difference.
RESULTS

Patch clamp investigations in HEK293 cells-
Alanine-scanning mutagenesis in the four NBSs in hP2X3 showed that the conserved K63A, K176A, R281A and K299A mutants did not react with α,β-meATP (300 μM) at all, or responded with very small current amplitudes only (30) . The inactivity of the homologous Ala or Cys mutants in P2X1, P2X2 and P2X4 with ATP as an agonist was demonstrated previously (see 19, 43, 44) .
Both α,β-meATP and 2-MeSATP (0.3-100 μM each) caused fast inward currents at the holding potential of -65 mV (Suppl. Figs. 1Aa, Ab). The current responses desensitized already during the 2-s application period with a rapid onset, which was similar both for α,β-meATP and 2-MeSATP (30 μM each) (Suppl. Fig. 1Ac , left panel). However, the recovery from desensitization, which probably reflects the dissociation of the agonist from the receptor, was much slower for 2-MeSATP than for α,β-meATP (30 μM each) (Suppl. Fig. 1Ac , right panel; P<0.05). In accordance with this observation, the E max value of the concentrationresponse curve for 2-MeSATP was smaller than that of α,β-meATP (Suppl. Fig. 1B; P<0 .05). At the same time the EC 50 values of the two agonists also differed. In addition, we investigated the effect of 2-MeSATP (10-300 μM) at the mutant K176A and found that neither this agonist nor α,β-meATP (10-300 μM) caused any current response. Thus, K176A-hP2X3 was an inactive mutant irrespective of the type of agonist used.
In the following experiments, HEK293 cells transfected with wt-or mutant P2X2 plus P2X3 cDNA plasmids, in a ratio of 1:2, were superfused with 2-MeSATP (0.1-300 μM) or α,β-meATP (0.03-300 μM) for 2 s, every 5 min (Figs. 1A, B Table 1 ; the peaks of the agonist-induced currents were evaluated at this stage). By keeping a 5-min interval between the application of increasing 2-MeSATP concentrations, there was little desensitization within the 2-s application time (Fig. 1Aa) . By contrast, with the same application protocol, α,β-meATP caused a rapid peak followed by a quasi steady-state response (at the end of the 2-s superfusion period; Fig. 1Ab ). Accordingly, a plot of the early, peak response against the logarithmic α,β-meATP concentration resulted in a maximum of the curve (Table 1) , which was higher than that obtained by plotting the late, quasi steady-state current against the logarithmic α,β-meATP concentration (Fig. 1Bb) . However, the EC 50 values of the 'early' (Table 1 ) and 'late' curves ( Fig. 1Bb ; P>0.05) were similar. Thus, under our experimental conditions, a mixed P2X3-P2X2/3 initial response with a rapidly desensitizing P2X3 component was followed by a slowly desensitizing P2X2/3 component. It is noteworthy that the P2X2/3 currents could be investigated in isolation, when the receptormutants were expressed in X. laevis oocytes (no early peak current because of strong residual desensitization at a drug-free interval of 1 min; Suppl. Fig. 2Aa) .
Then, we demonstrated that although 2-MeSATP and α,β-meATP equally well activated the wt-P2X2/3 receptor, 2-MeSATP still slightly stimulated the P2X2/3 heteromeric receptors containing wt-P2X2 and mutant P2X3 (K63A, K176A, R281A, K299A), while α,β-meATP had no effect at all at these complexes (compare Figs. 1Ba and Bb; Table 1 ). By contrast, when wt-P2X3 was co-transfected together with the non-functional P2X2 mutants (K69A, K188A, R290A, K307A) ( Fig. 1Bc; Table 1 ), at positions homologous to those targeted in the P2X3 mutants, the E max values of α,β-meATP at all heteromeric receptors only slightly decreased, and all EC 50 values with the exception of P2X2-R290/P2X3 did not change ( Fig. 1Bc ; Table 1 ). Thus, heteromeric P2X2/3 receptors lost their original sensitivity towards agonists (α,β-meATP) or became much less sensitive (2-MeSATP), when the P2X3 subunits carried inactivating mutations, but were only slightly affected when the P2X2 subunits carried the homologous mutations. These results can be explained by the assumption that 1 P2X2 subunit associates with 2 P2X3 subunits to form a P2X2/3 heteromer.
The following experiments were designed to clarify the subunit stoichiometry of P2X2/6 receptors. First of all, we transfected HEK293 cells with P2X6 subunits only and did not obtain any current response to 2-MeSATP (0.3-300 μM; Fig. 2Aa ). Subsequently, transfections were made by P2X2 and P2X6 in combinations of 1:2 and 1:4. The wt-P2X2/6 receptors at the 1:2 and 1:4 transfection ratios exhibited decreasing sensitivities to 2-MeSATP; the respective E max values gradually decreased from the wt-P2X2 to P2X2/6 ( Fig. 2Aa; P>0.05 each) .
The slope of the current responses measured during the last 1 s of agonist application (out of the total 2 s duration) also differed between P2X2 and P2X2/6 (P<0.05), e.g. at 30 μM 2-MeSATP (inset to Fig. 2Ab ; compare also the right panels of Figs. 2Ca and Cb). At 2-MeSATP concentrations higher than 3 μM, there was an increasingly positive slope for the P2X2 curve up to a concentration of 100 μM, whereas the slope for the P2X2/6 (1:4 transfection ratio) curve was negative in this range of concentrations. The P2X2/6 (1:2 transfection ratio) curve was found to lie in between the two other ones.
Gradual acidification of the bath solution from pH 7.4 to 5.4 only slightly increased the amplitudes of the 2-MeSATP (30 μM)-induced P2X2 but not P2X2/6 (1:2 transfection ratio; P>0.05) currents, whereas there was a marked potentiation of the P2X2/6 (1:4 transfection ratio; P<0.05) current amplitudes (Fig. 2Ba , Bb, Bc). The sudden increase in amplitude with acidification observed with the transfection ratio 1:4, in contrast to the transfection ratio 1:2 may indicate that an excess of P2X6 over P2X2 is needed to generate a sufficient amount of P2X2/6 in the plasma membrane. Thus, all three experimental approaches prove that cotransfection with P2X2 and P2X6 subunits resulted in a presumably heteromeric receptor with functional properties differing from P2X2 only if the plasmid cDNA ratios amounted to 1:4. Therefore, this transfection procedure was used for all subsequent investigations. Fig. 2Ca and Cb show individual current response-relationships for 2-MeSATP (1-300 μM) at homomeric P2X2 and heteromeric P2X2/6 receptors. As already previously mentioned, the Ala replacement of 4 conserved AA residues in P2X2 at positions homologous to those targeted in P2X3, produced non-functional P2X2 receptors (Fig. 2D, Table 1 ). When wt-P2X2 was used together with P2X6-mutants (K68A, K191A, R287A, K305A) for cotransfecting HEK293 cells, the E max and EC 50 values indicated higher activity for the P2X2/P2X6-R287 and -K305 mutants, when compared with the wt P2X2/6 receptor, but not for the P2X2/P2X6-K68 and -K191 mutants ( Fig. 2Ea; Table 1 ). In contrast, the nonfunctional P2X2-mutant components abolished the 2-MeATP effects at the respective P2X2/6 receptors. The results can be explained by the assumption that 2 P2X2 subunits associate with 1 P2X6 subunit to form a P2X2/6 heteromer (see also the respective oocyte voltage-clamp measurements in Suppl. Fig. 2Da, Db) . Ca 2+ imaging in HEK293 cells-In order to lend more support to our findings, we measured in addition to the transmembrane current responses also the [Ca 2+ ] i transients in HEK293 cells bearing P2X2, P2X3, P2X2/3 and P2X2/6 receptors. Whereas α,β-meATP (10-300 μM) caused a rapidly rising, and after its washout also rapidly declining [Ca 2+ ] i response at homomeric P2X3 receptors (e.g. Fig. 3Ab, right panel) , similar concentrations of this agonist induced biphasic responses, slowly recovering to baseline at heteromeric P2X2/3 receptors (Fig. 3Aa) . 2-MeSATP (300 μM) at the P2X2/P2X3-K63A mutant and 2-MeSATP (10 μM) at the wt-P2X2/3 receptor evoked [Ca 2+ ] i transients of practically undistinguishable shape (Fig. 3Aa and Ab, left panel). It is noteworthy that although α,β-meATP is a selective P2X1, P2X3, P2X1/2, P2X1/5 and P2X2/3 receptor agonist without any activity at the endogenous P2Y receptors of HEK293 cells (see Methods Section), its EC 50 value for [Ca 2+ ] i transients in HEK293 transfected with wt-P2X2/3 receptors was higher than that for transmembrane currents (P<0.05; compare Figs. 1 and 3) . The Hill coefficients of the two concentration-response relationships also differed from each other (P<0.05). At the moment we have no unequivocal explanation for these discrepancies. However, we tentatively suggest that Ca 2+ influx from the extracellular space may be slightly modified by Ca 2+ -induced Ca 2+ release from the endoplasmic reticulum and simultaneous sequestration of [Ca 2+ ] i by its intracellular storage sites. In perfect agreement with the patch-clamp investigations, Ala substitutions of the relevant AAs in the P2X3 component of the P2X2/3 receptor markedly depressed the α,β-meATP (10-300 μM)-induced current amplitudes (Fig. 3Ba) . By contrast, replacement of the same AAs by Ala in the P2X2 component of this receptor-complex had no major effect (Fig. 3Bb) Figs. 1 and 3) , a finding which also awaits explanation.
The biphasic [Ca 2+ ] i responses appear to be typical for wt-P2X2 receptors (Fig. 3Cb left  panel) and heteromeric receptors containing this subunit (for P2X2/6, see Fig. 3Ca ). Again in agreement with the patch-clamp investigations, Ala substitutions of the relevant AAs in the P2X6 component of the P2X2/6 receptor had no major effect on the 2-MeSATP (10-300 μM)-induced [Ca 2+ ] i transients (Fig. 3Da) , whereas replacement of the homologous AAs in the P2X2 component of this receptor were strongly inhibitory (Fig. 3Db) .
Two-electrode voltage-clamp measurements in Xenopus laevis oocytes-
The subunit composition of the above homomeric and heteromeric receptors and their expression at the cell surface was investigated by biochemical methods in the non-mammalian X. laevis oocyte expression system. Therefore, it was important to prove that the functional data generated on HEK293 cells and X. laevis oocytes are basically identical.
In fact, in oocytes injected with cRNAs for P2X2, P2X3 and P2X6 receptor subunits, we made observations similar to those described for the mammalian cell line HEK293. Nondesensitizing current amplitudes were evoked both by α,β-meATP and 2-MeSATP (1-300 μM each) at P2X2/3 and P2X2/6 receptors, respectively (Suppl. Fig. 2Aa, Ab) . When the P2X2/3 receptor complexes consisted of the P2X2-wt and P2X3-mut subunits, the α,β-meATP (1-300 μM) current responses were greatly depressed (Suppl. Fig. 2Ca ). By contrast, the expression of the P2X3-wt subunit together with non-functional P2X2 subunits (see Fig. 2D and Suppl. Fig. 2B for HEK293 cells and oocytes, respectively), only slightly displaced the α,β-meATP concentration-response curve of the wt-P2X2/3 receptor to the right, indicating a moderate decrease in potency (Suppl. Fig. 2Cb) .
At P2X2/6 receptors, 2-MeSATP up to 300 μM failed to induce a notable current response at P2X2-mut/6-wt heteromers (Suppl. Fig. 2Db ), whereas the concentration-response curves of 2-MeSATP at P2X2-wt/6-mut heteromers were only modestly shifted to the left in comparison with those constructed at the wt-P2X2/6 receptor (Suppl. Fig. 2Da) .
A shift of the extracellular pH from 7.4 to 5.4 depressed the E max of the 2-MeSATP concentration-response curve from 34.0±1.1 to 25.8±0.5 µA (n=6 each; P<0.05), and the EC 50 value from 4.6±0.5 to 3.3±0.3 µM (P<0.05), but did not change its Hill coefficient significantly. Such a decrease of ATP-activated inward currents at rat P2X2/6 receptors by a decrease of the external pH from 7.5 to 5.5 was described previously (16) and appears to be valid for the oocyte expression system, but not for HEK293 cells (see Fig. 2Bc ).
Assembly and cell surface trafficking of P2X2/3 and P2X2/6 receptors-To assess the impact of the point mutations on the assembly and cell surface expression, BN-PAGE and SDS-PAGE analysis was performed. Like the homomeric wild type and mutant P2X2 receptor (data not shown) and the P2X3 receptor (30) , also all the functionally impaired heteromeric P2X2/3-mut receptors were capable of assembling to heterotrimers and appearing at the cell surface (Fig. 4A, upper panel) . The significantly larger mass of the P2X2 protomer of 72 kDa as compared to 55 kDa of the P2X3 protomer is reflected by a clearly detectable retarded migration of the P2X2 protomer and homotrimer in the BN-PAGE (Fig. 4A and B upper panel) and the SDS-PAGE (Fig. 4A and B , lower panel) gels, respectively. As expected, the heterotrimeric assemblies of P2X2-wt and P2X3-wt or P2X3-mut subunits migrated at a lower molecular mass than the homotrimeric P2X2 and significantly above that of the homotrimeric P2X3 receptor, clearly indicating the formation of intermediate sized heteromeric assemblies consisting of P2X2-wt and P2X3-wt or P2X3-mut subunits (Fig. 4A, upper panel) .
A physically stable interaction between P2X2-wt and P2X3-wt or P2X3-mut subunits is also apparent from a co-purification assay, in which we co-expressed the His-P2X2-StrepII (a protein bearing a COOH-terminal, nine AA StrepII tag in addition to the NH 2 -terminal hexahistidine tag) as a bait together with wt or mutant His-P2X3 as the prey. Purification using metal affinity chromatography or Strep-Tactin chromatography allowed us to verify the expression of the two proteins (Fig. 4A , lower panel) and to screen for the presence of copurified His-P2X3 protein (Fig. 4A, lower  panel) , respectively. His-P2X2-StrepII and wt or mutant His-P2X3 proteins could both be isolated by Ni-NTA chromatography from the cells in which they were co-expressed. Purification by Strep-Tactin chromatography led to the coisolation of the non-StrepII-tagged wt or mutant His-P2X3 proteins (Fig. 4A, lower panel) . When expressed alone, the His-P2X3 was not isolated (data not shown), indicating the absence of nonspecific binding of the His-P2X3 protein to the Strep-Tactin resin and thus confirming the suitability of this method for the analysis of P2X2 and P2X3 protein interaction.
Using the same biochemical techniques, we also found that the co-expression of P2X2-mut subunits with P2X3-wt subunits resulted in the formation of heterotrimeric receptors, as judged from the characteristic migration positions in the BN-PAGE gel in between those of the P2X2 and P2X3 homomers (Fig. 4B, upper panel) . Also, Strep-Tactin affinity purification of co-expressed mutant His-P2X2-StrepII proteins as bait together with wt His-P2X3 as the prey led to the co-isolation of the non-StrepII-tagged wt His-P2X3 proteins (Fig. 4B, lower panel) .
Oocyte-expressed heteromeric P2X2/6 receptors were also analysed biochemically. Consistent with previous data (12), the singly expressed P2X6 subunit could be detected in the 35 S methionine-labeled total form (Fig. 5A and B, inset of lower panel), but was absent at the plasma membrane (Fig. 5A and B, lane 1) . However, upon co-expression of the wt or a mutant His-P2X6-StrepII subunit with the wt His-P2X2 subunit, a distinct protein band was observed in the BN-PAGE gel that migrated with a lower mass than that of the homomeric P2X2 receptor (Fig. 5A, upper panel) . The reduced mass of this protein band can well be reconciled with a P2X2/6 heteromer co-assembled of the larger 72 kDa P2X2 subunit and the smaller 55 kDa P2X6 subunit. The presence of the P2X6 subunit in this protein band could be demonstrated by denaturating treatment with 0.1% SDS, which led to the dissociation into two polypeptides, the larger P2X2 and the smaller P2X6 subunit (Fig. 5A, lane 9 of upper panel) . The mass difference of these two polypeptides is also apparent from dissociation of the wt P2X2/6 trimeric protein complex in SDS-PAGE analysis (Fig. 5A, lower panel) .
Strep-Tactin affinity purification of coexpressed wt or mutant His-P2X6-StrepII proteins with wt His-P2X2 as bait and the prey, respectively, led to the co-isolation of the nonStrepII-tagged wt His-P2X2 protein (Fig. 5A,  lower panel) . Co-expression of P2X2-mut subunits with P2X6-wt subunits resulted also in the formation of heterotrimeric receptors, as evident from the characteristic mobility shift in the BN-PAGE gel towards a lower mass (Fig.  5B, upper panel) . Also, Strep-Tactin affinity purification of co-expressed wt His-P2X6-StrepII proteins with mutant His-P2X2 as as bait and prey, respectively, led to the co-isolation of the non-StrepII-tagged mutant His-P2X2 proteins (Fig. 5B, lower panel) .
Homology modeling of the hP2X2 receptor and of the hP2X2, hP2X3 and hP2X6 subunits; schematic representation of the subunit stoichiometry of P2X2/3 and P2X2/6 receptorsUsing the published X-ray structure of the zf2X4 (31) as a template, we homology-modelled the h2X2 receptor. The individual subunits are shown as black, dark grey and light grey loops. The aromatic AA residues replaced by Ala and thereby yielding non-functional mutants are indicated in Fig. 6A ; they are located pair wise (R290-K306 and K69-K188) at two adjacent subunits and participate in the formation of a binding pocket. The overlay of the P2X2, P2X3 and P2X6 subunits shows that P2X6 does not contain the AAs forming the right flipper of the dolphin shaping all other subunits ( Fig. 6B; 19,  31 ). In addition, P2X6 contains a series of extra AAs between the head and the left flipper.
A summary cartoon shows our conclusions. In theory two subunit stoichiometries are conceivable for the P2X2/P2X3 heterotrimer; 1 to 2 or 2 to 1 (Fig. 6C) . Because our experiments indicated a loss of function only in the wt-P2X2/P2X3-mut combination (see the framed assembly in Fig. 6Ca ), the 1:2 stoichiometry is compatible with the present findings. By contrast, for the P2X2/P2X6 heterotrimer a loss of function was found only in the P2X2-mut/wt-P2X6 combination (see the framed assembly in Fig. 6Cb) ; therefore, in this case the combination 2:1 is compatible with the present findings.
DISCUSSION
The three subunit composition of homomeric and heteromeric P2X receptors was originally suggested on the basis of biochemical data including co-immunoprecipitation (6, 7) and BN-PAGE analysis as well as chemical crosslinking of subunits (12, 39) . More recently it was pointed out that co-immunoprecipation may not be able to differentiate between receptor heterooligomers and two individual homo-oligomeric receptors closely interacting in the cell membrane (for the supposed P2X4/7 receptor see 45, 46) . At the present time a wealth of data supply compelling evidence for the fact that three subunits form a functional P2X receptor. The present experiments were designed to investigate the subunit composition of two neuronal heteromeric P2X receptors, composed of P2X2 and another partner (P2X3 or P2X6).
α,β-meATP activates recombinant, rapidly desensitizing P2X1 and P2X3, but not slowly desensitizing P2X2 receptors (6, 20, 34) . Trinitrophenyl-ATP (TNP-ATP) blocked P2X1, P2X2 and P2X2/3 receptors equally well; by contrast diinosine pentaphosphate inhibited P2X1 receptors with a much higher affinity than P2X3 receptors (47, 48) . Eventually, the selective P2X3 antagonist A-317491 exhibits comparable activities in blocking P2X2 and P2X2/3 receptors (34). Thus, P2X2/3 receptors have a ligand-sensitivity resembling that of homomeric P2X3 receptors and nondesensitizing gating characteristics resembling that of homomeric P2X2 receptors (15, 49) .
The situation with P2X2/6 receptors appears to be much more complex. Although coimmunoprecipitation identified P2X2 and P2X6 as possible partners for generating heterooligomeric complexes (10) , and an oocyte expression study meticulously searched for differences between singly injected P2X2 and co-injected P2X2 and P2X6 to yield P2X2/6 (16), most differences were rather modest. It was reported that in contrast to currents through P2X2 receptors, those through P2X2/6 receptors, first, were of smaller amplitude; second, were sometimes biphasic and occasionally showed two phases of current decay; and third, exhibited minor differences in their agonist and antagonist sensitivities. However, a property which unequivocally distinguished the two receptors was their opposite modulation by extracellular pH. Whereas P2X2 currents were increased after acidification of the bath solution (50), P2X2/6 currents were depressed under the same conditions (16) .
It is noteworthy that only some (51), but not all groups of scientists were able to detect functional homomeric P2X6 receptors in the cell membrane (52) . The reason for this discrepancy might be that P2X6 receptors either do not pass the quality check of the endoplasmic reticulum (53, 54) , or if they do so, only in a partially glycosylated and non-functional form (55) . Further glycosylation may result in a gain of function for some of the receptors inserted into the plasma membrane. These results perfectly agree with our own findings; homomeric P2X6 receptors failed to express at the plasma membrane of HEK293 cells.
The first part of our study confirmed and extended the observations of North and colleagues (28) by co-expressing wt-P2X2 or wt-P2X3 with the non-functional mutant counterparts of these subunits. In addition to the P2X3-mutants K63A and K299A situated at neighbouring receptor subunits, which may interfere with binding as well as gating of the channel, because their positions are adjacent to the transmembrane segments-1 and -2 forming the channel pore, two additional mutants (K176A and R281A) being less likely to interfere with gating, were also used in the present study. We found by utilizing both HEK293 cells and oocytes as expression systems that a combination of the wt-P2X2 with mutated P2X3 subunits (chosen from non-functional Alamutants introduced in any of the four NBSs; 29) strongly inhibited or even abolished the current response to α,β-meATP, whereas the opposite combination of wt-P2X3 with mutated P2X2 subunits had very little effect. Consistent with data published previously (28) these results clearly demonstrate a (P2X2) 1 /(P2X3) 2 stoichiometry of heteromeric P2X2/3 channels as illustrated in Fig 7Ca. As a correlate of the cationic fluxes induced by P2X2/3 receptor activation, [Ca 2+ ] i transients were also measured and yielded similar data. Further, we asked ourselves, whether this observation might be true only, when the P2X3-selective α,β-meATP is used (28) , which occupies the agonist binding pouches between the P2X3/P2X3, and P2X2/P2X3 subunits, but most probably not that one lying at the interface of the P2X2/P2X2 subunit (Fig. 7C, left panel) . For this purpose we applied also 2-MeSATP, being an agonist both at homomeric P2X2 and P2X3 receptors, and therefore occupying the binding sites of any of the participating receptor subunits. Thereby, it was possible to confirm that the observed phenomenon is agonist-independent.
In a second part of our study, we attempted to strengthen the hypothesis that the P2X6 subunit as a constituent of the P2X2/6 receptor complex is able to modify the original P2X characteristics, in spite of not being able to form a functional homomeric receptor by itself. In a mammalian cell line, the ratio of the P2X2 and P2X6 protein in P2X2/6 was either 4.1:1 or 1:2.5, depending on the ratio of the P2X2 and P2X6 plasmid cDNAs used for transfection (1:1 and 1:4; 56). However, there were no functional measurements accompanying this biochemical and atomic force microscopy investigation. We varied the plasmid cDNA ratios of the P2X2 and P2X6 subunits in the transfection reagent between 1:2 and 1:4 [the maximum ratio tested by Barrera et al. (56)]. Indication for the formation of P2X2/6 heteromeric receptors with characteristics clearly different from P2X2 homomeric receptors (lower maximum current amplitude, no run-down of the current response during a 2-s application period, marked dependence of the current amplitude on the external pH) was found only at the higher transfection ratio of 1:4. A combination of the wt-P2X2 subunit with P2X6 subunits mutated at sites homologous to those proven to yield nonfunctional P2X2 and P2X3 receptors, did not alter the current response to 2-MeSATP, whereas the opposite combination of wt-P2X6 with mutant P2X2 subunits resulted in non-functional receptors. Of course it cannot be excluded that at still higher transfection ratios than used by us (1:>4), P2X2/6 receptor-channels with the reverse stoichiometry are formed, however, the functionality of these channels still awaits confirmation (56) . In the present experiments, only P2X2/6 channels containing a minimum of two unmutated ATP binding sites were functional (Fig. 7Cb) as was the case also with the P2X2/3 heteromer (Fig. 7Ca) . Therefore, a (P2X2) 2 /(P2X6) 1 stoichiometry is the most likely one to occur.
The measurement of [Ca 2+ ] i transients caused by 2-MeSATP fully confirmed these results. In addition, our two electrode voltage-clamp data generated in X. laevis oocytes expressing P2X2/6 were almost identical to those obtained in the HEK293 system; the only difference was the opposite pH sensitivity of the P2X2/6 heteromer.
To exclude that the non-functional phenotype of the alanine replacement mutants within the ATP binding site originates from deficits in trimeric assembly or cell surface trafficking rather than of a change in agonist action, biochemical analysis of oocytes expressing the corresponding wt and mutant P2X receptor channels was performed. Our results show that all mutants were capable of proper trimeric assembly and displayed unaltered plasma membrane trafficking. This view is further supported by the Strep-Tactin co-purification assay, which showed that all the mutants were able to interact physically with the respective reciprocal wt-subunit. Because His-P2X6-StrepII subunits reached the plasma membrane only as integral parts of the P2X2/6 heteromer ( Fig. 6 A  and B, lower panels) , affinity purification via the P2X6-StrepII subunit as bait (and non-Streptagged P2X2 as the prey) enabled to isolate exclusively the P2X2/6 heteromer. Quantification of the relative abundance of the plasma membrane form of P2X2 and P2X6 subunits in SDS-PAGE analysis yielded a 2:1 ratio, thus also suggesting a (P2X2) 2 /(P2X6) 1 stoichiometry.
The null hypothesis predicts that at a 1:1 protein expression ratio after transfection with two different subunits, the channel ratios for P2XA and P2XB should be 1:3:3:1 for (P2XA) 3 , (P2XA) 2 /(P2XB) 1 , (P2XA) 1 /(P2XB) 2 , and (P2XB) 1 ; these ratios change to 1:6:12:8 and to 1:12:48:64, when the protein expression ratios are modified to 1:2 (P2X2-P2X3) and 1:4 (P2X2-P2X6), respectively. Although we did not determine the actual expression of the three receptor proteins, for P2X2/3 the subunit composition generated under the conditions of the present experiments will be by the highest likelihood (P2X2) 1 /(P2X3) 2 . Both the electrophysiological and biochemical measurements supported the existence of this preferential subunit composition in the cell membrane and its ability to respond to P2X agonists; the other possible heteromer was apparently not expressed. However, P2X2 assembled with P2X6 according to a stoichiometry of 2:1, which was not compatible with a random process of association. Nevertheless, the only subunit combination observed in the plasma membrane was (P2X2) 2 /(P2X6) 1 , which was also supported by electrophysiological measurements. Hence, recognition sites between P2X2 and its partners rather than random association may govern the subunit composition of the receptor trimers. In conclusion, P2X2 was a dominant subunit in the P2X2/6 heteromer only and already two binding sites out of the three possible ones were sufficient to allow P2X2/3 and P2X2/6 to react with their agonists (consult also; 32, 57, 58). 
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